Background: CAO domain structure has changed during evolution.
. For example, cyanobacteria and red algae contain phycobilins, which form a large complex called the phycobilisome (5) .
Fucoxanthin is a major pigment in brown algae and exists in fucoxanthin-chlorophyll-protein complexes (6) . The acquisition of these pigments has played an essential role in environmental adaptation by establishing new light-harvesting systems.
Chlorophyll b is widely distributed in prokaryotes and primary and secondary endosymbionts (7) . However, the light-harvesting systems are quite different among these organisms, although they all contain chlorophyll b as a major light-harvesting pigment.
In Prochlorococcus, [8-vinyl] -chlorophyll b binds to prochlorophyte chlorophyll binding protein (Pcb) (8) and forms the photosystem (PS)I-Pcb and PSII-Pcb supercomplexes (9) . Pcb belongs to the six-transmembrane helix family, which includes CP43 and CP47 and iron-stress-induced protein A (IsiA) (10) . In land plants and most green algae, chlorophyll b binds to Lhc proteins containing three transmembrane helixes that associate with the core antennas of reaction centers of PSI and II (11) (12) (13) . In the prasinophyte order Mamiellales, the content of chlorophyll b in the light-harvesting system is extremely high (14) compared to land plants and green algae; however, the distribution of chlorophyll b in their light-harvesting system has not been well studied. In addition, prasinophyte photosystems contain the prasinophyte-specific light-harvesting chlorophyll a/b-protein complex (LHC) type designated LHCP (14) , which binds chlorophyll a, chlorophyll b and chlorophyll c-like pigments and other carotenoids.
Chlorophyll b is synthesized from chlorophyll a by chlorophyllide a oxygenase (CAO) (15) . CAO catalyzes two successive oxygenation reactions, converting a methyl group at the C7 position to a formyl group via a hydroxymethyl group to generate chlorophyll b (16) . CAO is not structurally related to bciD which is involved in the C7-methyl oxidation (formylation) in bacteriochlorophyll e synthesis (17) . CAO is a unique enzyme, and all the chlorophyll b-containing organisms, without exception, have CAO. However, the structure of CAO is variable among photosynthetic organisms, in contrast to other chlorophyll metabolic enzymes whose structures are largely conserved (18) . Eukaryotic CAOs, except for that of Mamiellales, consist of three domains: the A, B and C domains in order from the N-terminus (18) . The A domain controls the accumulation of the Arabidopsis CAO (AtCAO) protein in response to the presence of chlorophyll b (19, 20 Table S1 .
The PCR products were separated on ethidium bromide-stained 2.0% agarose gels.
Expression and purification of recombinant AtCAO -The coding region of
AtCAO lacking its transit peptide was amplified by PCR (KOD FX NEO DNA polymerase;
Toyobo, Japan) using the following primers; 
Isolation of thylakoid membranes -
Arabidopsis thylakoid membranes (wild type,
MpCAO1+ MpCAO2, BCFLAG and PhCAO)
were prepared from the leaves of 5-week-old plants as described previously (28) . Micromonas thylakoid membranes were prepared from ten-day-old cells. Cells were harvested by centrifugation at 2,500 x g in growth phase and suspended in 50 mM Tricine-NaOH (pH 8.0).
The cells were broken with glass beads (100 μm in diameter) at 4 °C using a Mini-Bead Beater Supernatants were discarded, and beads were washed with buffer A three times. Bound complexes were eluted with SDS-extraction buffer for 10 min at 100 °C. After centrifugation at 21,600 x g for 5 min at 4 °C, the supernatants were separated on slab gels containing 14% polyacrylamide.
Pigment determination -Leaves
were weighed and pulverized in acetone using the ShakeMaster grinding apparatus (BioMedical Science, Japan), and the extracts were centrifuged at 21,600 x g for 5 min at 4 °C.
The supernatant was loaded onto a Symmetry C8 column (4.6 × 150 mm; Waters, Japan) as described previously (33) . The elution profiles were monitored by measuring the absorbance at 650 nm using a diode array detector (SPD-M20A, Shimadzu, Japan), and the pigments were identified by their retention times and spectral patterns. Pigment quantification was performed using the areas of the peaks, described previously (34) . All reported Chl that contains only a mononuclear iron binding motif ( Fig. 1A and 1B ). 4B ). Figure 4A shows Next, we determined the chlorophyll content of the transgenic plants by HPLC (Table 1) .
RESULTS

Diversity of CAO
Cooperation between MpCAO1 and
The chlorophyll a/b ratio of the WT was 3.03, whereas chlorophyll b was not detected in the Both MpCAO1 and MpCAO2 bands were found at approximately 40 kDa, corresponding to monomeric MpCAO1 and MpCAO2 (Fig. 6A ).
In addition to these monomeric bands, an 80 kDa band was observed with both anti-FLAG and -HA antibodies (Fig. 6A ), suggesting that an MpCAO1 and MpCAO2 heterodimer was formed. Interestingly, higher molecular weight bands than the heterodimer were found, and the immunoblot profile with anti-FLAG tag antibodies was almost the same as that with anti-HA tag (Fig. 6A ).
We then examined the oligomeric state of The soluble fraction of the E. coli lysate was subjected to BN-PAGE followed by immunoblotting ( Fig. 6C) . A large complex and trimeric forms were observed as in the experiments with transgenic plants (Fig. 6B) .
These results clearly show that full length CAO is capable of forming a homotrimer and larger complexes. (Table 2) , respectively, which is consistent with that of higher plants. It should be noted that LHCII amounts were slightly high and PsaA/B amounts were slightly low in the MpCAO1+MpCAO2 plant compared to wild type (Fig. 8E ). This is consistent with the idea that the level of LHCII is regulated by the amount of chlorophyll b. which is the first step of LHCII degradation (27) .
DISCUSSION
For this reason, LHC is never degraded in the cbr mutant (49). When CAO was overexpressed in Arabidopsis, the LHC level increased (50).
Interestingly, when the A domain-deleted CAO was introduced into the ch1-1 mutant, an unusual light-harvesting system was constructed, and chlorophyll b was incorporated not only into the LHC but also into the core antennas of both photosystems (21, 51) . These results lead us to speculate that the evolution of CAO is closely related to that of the light-harvesting systems.
The evolution of CAOs and light-harvesting systems is summarized in Figure 9 .
Prochlorophyte CAOs consist of only catalytic domains, and they have no sequence corresponding to the A and B domains. In these organisms, chlorophyll b does not exist in the LHC but is found in Pcb (10) , which has no sequence similarity to LHC but is similar to core antennas (CP43/CP47) of photosystem II. The
Prochlorothrix CAO has high sequence similarity to the C domain of higher plants, but
Prochlorococcus CAO has less similarity (22) .
This may be at least partly due to the different chlorophyll species used by each enzyme.
Prochlorococcus use [8-vinyl] 
